ABSTRACT The antioxidant activity and contents of various polyphenol classes in the seeds of seven soybean varieties of different seed color and one yellow seed cultivar, representing a reference genotype, were evaluated. Total polyphenols and tannins were determined after extraction of plant material with 70% aqueous acetone, and total flavonoids were extracted with methanol and acetic acid, whereas anthocyanins were extracted with 20% aqueous ethanol. In addition, isoflavone content and composition were determined using high-performance liquid chromatography analysis. Antioxidant activity of seed extracts was evaluated by the 2,2-diphenyl-1-picrylhydrazyl free radical scavenging activity assay. A positive linear correlation between antioxidant activity and contents of total polyphenols and anthocyanins was established. The highest antioxidant activity was observed in the extracts of black and brown varieties, which also showed high levels of all polyphenol classes examined. Yellow seed had the highest total isoflavone content (3.62 mg/g of dry material). The highest concentration of total daidzein was determined in black seeds ( > 2.0 mg/g of dry material), and the highest total glycitein and genistein contents occurred in the yellow cultivar (0.53 and 1.49 mg/g of dry material, respectively). According to our results, varieties of black and brown seeds could be of special interest not only for their large content of total polyphenols, ranging from 4.94 to 6.22 mg of gallic acid equivalents/g of dry material, but also for their high content of natural antioxidants such as anthocyanins.
INTRODUCTION N
aturally occurring plant polyphenols include several groups of compounds that have healthpromoting properties. Polyphenols may act as antioxidants, thereby reducing the risk of atherosclerosis and coronary heart disease. Dietary intake of polyphenols has been associated with reduced risk of chronic diseases, such as heart disease and cancer, probably because of their antioxidant properties. 1 Polyphenols play also an important role in plant resistance and defense against microbial infections that are intimately connected with reactive oxygen species. [2] [3] [4] Many phenolic compounds found in plant tissues (in addition to tocopherols) are potential antioxidants: flavonoids, tannins, and lignin precursors may all work as scavenging compounds for reactive oxygen species. Antioxidants act as a cooperative network, using a series of different redox reactions. To prevent oxidation of fats and oils, antioxidants are widely used in foods and cosmetics. Because of possible toxicity of the widely used synthetic antioxidants such as butylated hydroxytoluene and butylated hydroxyanisole, together with the consumers' preference for ''natural'' products, much research on natural antioxidants has been undertaken in recent years. 5 Soybean [Glycine max (L.) Merrill] seeds are one of the most important sources of protein and oil in the world. Soybean can be classified into food beans and oil beans, based on its usage in the East and West. In Western countries, the oil beans are normally harvested as dried seeds and further processed into some non-food applications and many soyfoods, such as soybean oil, defatted soybean meal, and soy flour. In the Far East, black soybean has been used as food and medicinal material in Korea and China since ancient times. 6 The beans were used as whole beans at the mature dried stage for the production of natto, soy sprouts, tofu, soy milk, miso, and tampeh or as immature seeds as a vegetable. 7 There is much evidence suggesting that compounds present in soybean may be beneficial to human health. Soybean has the potential of playing a role in the prevention and treatment of chronic diseases, most notably cancer, atherosclerosis, osteoporosis, and coronary heart Manuscript received 3 December 2010. Revision accepted 16 May 2011. disease. 8, 9 Its potential for cancer prevention and suppression is due to the high content of the isoflavone genistein (a phytoestrogen), a naturally occurring inhibitor of tyrosinespecific protein kinases. Soybean also contains other components, such as saponin, protease inhibitors, phytic acid, and fiber. Therefore, the soybean could be regarded as a functional food. 7 Commercially grown soybean varieties have yellow seed (common soybean). Most cultivated soybean varieties are homozygous for a dominant form of the I (inhibitor) gene, which has four alleles that determine the absence or presence of anthocyanin pigments. Some soybean varieties are selfcolored and accumulate anthocyanins within the epidermal layer of the seed coat. However, spontaneous mutations from yellow seed to dark-colored seed with the i/i genotype arise frequently within highly inbred soybean varieties. 10, 11 The anthocyanins (anthocyanidin glycosides) of the mature, black seed coat have been identified as cyanidin-3-monoglucoside and delphinidin-3-monoglucoside. 12 Furthermore, petunidin-3-glucoside 13 and pelargonidin-3-O-glucoside, with several minor anthocyanins-catechincyanidin-3-O-glucoside, delphinidin-3-O-galactoside, cyanidin-3-O-galactoside, and peonidin-3-O-glucoside-were detected and identified based on fragmentation patterns of high-performance liquid chromatography (HPLC)-diode array detector-electrospray ionization/mass spectrometry analysis.
14 Black soybean has long been consumed in the Far East and Southeast Asia as an important source of natural antioxidants because of the rich anthocyanin content in its seed coat. 15, 16 Despite the possible health benefits of colored soybeans, there is only limited information related to chemical constituents of pharmacological and nutritional importance. These literature references come from Asia and the United States, but none of them from Europe. To the best of our knowledge, the present study is the first report on polyphenols with antioxidant properties in different varieties of colored soybean grown in central Europe. Because of the widespread use of soy products, knowing the amount and kind of polyphenols in them is of increasing importance. Dietetic supplements based on soybean extracts have been adopted as a natural alternative to hormone replacement therapy in menopause due to high amounts of phytoestrogens. 17 Therefore, the aim of this study was to investigate the presence and content of major polyphenols constituents in different soybean varieties of colored seeds. The data obtained should enable the selection of soybean genotypes rich in biologically active compounds that could further be processed into either functional food or pharmaceutical raw material.
MATERIALS AND METHODS

Plant material
One specimen of yellow seeds (cultivar Meli) and seven advanced experimental varieties in the Institute of Field and Vegetable Crops, Novi Sad, Serbia, breeding program were chosen for the experiment. Varieties were selected based on their seed color (black, brown, ocher, green, and reddish).
Plant materials were grown on experimental fields, near Novi Sad. Seeds for the in vitro experiments were collected in the stage of full maturity.
Extraction procedure
Plant material (1 g of whole seeds per sample) was ground in a mill, reduced to a fine powder, and extracted with 70% aqueous acetone (50 mL) by sonication for 20 minutes in an ultrasonic bath at ambient temperature. The extracts were rapidly vacuum-filtered through a sintered glass funnel and kept refrigerated before assay.
Determination of total polyphenol contents
Total polyphenols were determined by the FolinCiocalteu method. 18 The amount of total polyphenols was calculated as a gallic acid equivalent (GAE) from the calibration curve of gallic acid standard solutions (covering the concentration range between 0.1 and 1.0 mg/mL) and expressed as milligrams of GAE per gram of dry plant material (DM). All measurements were done in triplicate.
Determination of tannins
Total tannin content was determined by the FolinCiocalteu procedure, 19 after removal of tannins by their adsorption on insoluble matrix (polyvinylpolypyrrolidone). Calculated values were subtracted from total polyphenol contents, and total tannin contents were expressed as milligrams of GAE per gram of DM. All measurements were done in triplicate.
Determination of flavonoids
Total flavonoids were determined after extraction of plant material (1 g of whole seeds) with 20 mL of extracting solvent methanol-water-acetic acid (140:50:10 by volume), for 60 minutes, according to the procedure of Marckam. 20 The amount of flavonoids was calculated as a rutin equivalent from the calibration curve of rutin standard solutions and expressed as milligrams of rutin per gram of DM.
Determination of anthocyanins
Anthocyanins were determined using the pH differential method. 21 Anthocyanins were extracted after soaking in 20% (vol/vol) ethanol solution at a 1:10 ratio (wt/wt) at 25°C for up to 10 days. Samples of the extracts were filtered through Whatman (Maidstone, United Kingdom) No. 1 filter paper. The filtered extracts in 5-mL aliquots were diluted either with 0.2 M KCl/0.2 M HCl (25:67, vol/vol) buffer to 100 mL and adjusted to pH 1.0 or with 1.0 M NaCH 3 COO/1.0 M HCl/water (10:6:9 by volume) to 50 mL and adjusted to pH 4.5. The absorbance values at 520 nm of these diluted solutions were measured spectrophotometrically. Absorbance readings were converted to total amount of anthocyanins as a cyanidin-3-glucoside equivalent using a molar extinction coefficient of 2.96 · 10 absorbances at pH 1.0 and 4.5 and expressed as milligrams of cyanidin-3-glucoside per gram of DM.
Determination of isoflavones (phytoestrogens)
Sample preparation. All the samples were harvested on the same day and were stored for 2 months in a storage room, without removal of the seed coat. The moisture content of seeds, determined by heating at 105°C to constant weight, was 5.5%. For further analysis, whole seeds were ground using a coffee mill. A powdered portion of 500 mg of soybean seed was defatted by n-hexane extraction (2 · 10 mL for 30 minutes and subsequent centrifugation for 30 minutes at 1,096 g). 22 Defatted and powdered soybean seed (100 mg) was then extracted for 2 hours with 5 mL of acetone-water (7:3, vol/vol) and centrifuged (30 minutes at 1,096 g). The extracts obtained were evaporated on a rotary evaporator at 70-75°C and redissolved in 2 mL of methanol. Prior to HPLC injection each extract was passed through a membrane filter (pore size, 0.45 lm).
HPLC analysis. An Agilent (Palo Alto, CA, USA) model 1100 HPLC instrument equipped with a binary pump, degasser, autosampler, and diode array detector was used to separate, identify, and quantify isoflavones. Separation of these compounds was achieved using a 5-lm (film thickness) Zorbax SB C 18 reversed-phase HPLC column (150 · 4.6 mm) with a Zorbax SB C 18 guard column. Mobile phase gradients were formed between two degassed solvents: solvent A was 1% (vol/vol) acetic acid in water, and solvent B was 100% acetonitrile. Gradient conditions were as follows: 0-5 minutes, 15% B; 5-44 minutes, from 15% to 35% B; 44-45 minutes, from 35% to 15% B; and 45-50 minutes, 15% B. A post-time period of 20 minutes was used. The column temperature was 25°C, the solvent flow rate was 0.6 mL/minute, and the injection volume was 10 lL. The spectra were collected between 240 and 400 nm by diode array detector, and components in the eluate were detected at 270 nm. Isoflavones were identified by retention times, by comparison of ultraviolet spectra with those of standard compounds, and from literature data. 22, 23 Aglycones were quantified from three five-point regression curves (R ‡ 0.9998) obtained using the corresponding standards (daidzein, glycitein, and genistein). Actual concentrations of isoflavones in glycoside forms were calculated from the regression curve of the corresponding aglycones. 24 Measurement of 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity
The possible antioxidant activity of the test samples was assessed based on scavenging activity of the 70% aqueous acetone seed extracts of the stable 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical. 25 The absorbance was measured at 515 nm, and the 50% inhibitory concentration (IC 50 ) values were calculated. The IC 50 value denotes the concentration of sample that is required to scavenge 50% of the DPPH free radicals. A decreased value for IC 50 indicates an increase in DPPH radical scavenging activity.
Statistical analysis
Results of this study represent data from three different experiments. Values were expressed as means of determinations made in triplicates. Statistical significance was tested by analysis of variance followed by comparisons of means by Duncan's multiple range test (P < .05) calculated using STATISTICA for Windows version 9.0 (StatSoft, Tulsa, OK, USA). Stepwise multiple regression analyses were used to determine the correlation among variables.
RESULTS AND DISCUSSION
Screening for polyphenols in soybean varieties of different seed color showed the presence of compounds with phenolic structure in all specimens examined, regardless of their seed color ( Table 1) . Amounts of total polyphenols ranged from 2.68 (in the yellow variety) to 6.22 (in the black 2 variety) mg of GAE/g of DM. Comparison between contents of polyphenols in yellow and colored seeds showed that varieties with black and brown seeds possessed higher levels of these substances. Their content, on average, was 2.5-fold higher compared with yellow samples. In the ocher, green, and reddish samples, polyphenol levels were lower, and somewhat uniform, but also higher compared with the control (yellow seeds). Total tannin content was the lowest in total polyphenol-rich varieties (i.e., black and brown) (0.71-0.89 mg of GAE/g of DM), whereas the green seed variety had the highest content (1.55 mg of GAE/g of DM). The relative portion of tannins in black and brown seeds may be considered low, which is of importance to soybean features as an industrial and protein plant. In physiological terms tannins may be toxic to bacteria and fungi and act as feeding deterrents to herbivores and insects. Compared with some other industrial crops, such as maize, 26 soybean varieties of colored seeds were poor in flavonoids, but compared with commercially grown soybean hybrids of yellow seeds, 27 they were flavonoid rich. Their contents, except for the ocher shine variety, were up to 300-450% higher compared with the yellow seed specimen, with contents of 1.49 and 2.19 mg of rutin/g of DM in the ocher opaque and black 1 variety, respectively. Flavonoid content in the varieties black 2, brown, and green was rather uniform, ranging from 1.07 to 1.16 mg of rutin/g of DM. In the reddish variety, these compounds were present only in traces, which suggests that their color may originate from some other plant pigments, such as carotenoids. Except for in the reddish specimen, anthocyanins, being flavonoids themselves, were also determined in the rest of the soybean varieties examined. The highest content of anthocyanins was recorded in the black and brown varieties, being the highest in black 1 and brown (0.65 and 0.62 mg of cynidin-3-O-glucoside/g of DM, respectively). Their presence has not been established in the yellow seed cultivar Meli and the reddish variety.
Plants consumed by humans may contain thousands of different phenolic compounds. The effects of dietary phenolics are of great current interest due to their antioxidative and possible anticarcinogenic activities. A popular belief is that dietary phenolics are anticarcinogens because they are antioxidants, but there is no direct evidence. 28 Epidemiological studies concerning consumption of phenolics and human cancer risk suggest the protective effects of certain food items and phenolics, but more studies are needed to reach clear-cut conclusions. 29 According to their color and their total polyphenol content, our investigated varieties could be divided into three groups: (1) black and brown seeds, with the highest contents of total polyphenols and anthocyanins and the lowest portion of tannins; (2) ocher and green seeds, with moderate amounts of total polyphenols, flavonoids, and anthocyanins and a high amount of tannins; and (3) yellow and reddish seeds, which lacked seed anthocyanins and had a lower content of total polyphenols. Thus, it seems that varieties belonging to the first group are of special interest not only for their considerable content of total polyphenols but also for their high content of natural antioxidants such as anthocyanins.
The particular polyphenol classes were further tested for their antioxidant capability using the DPPH free radical assay. The IC 50 values for the extracts investigated varied in a range between 0.09 and 1.29 mg/mL (Table 1) . DPPH radical scavenging activity is a measure of nonenzymatic antioxidant activity. Higher levels of DPPH activity have been correlated with tolerance to different stress conditions, 30 but they also point out the presence of biologically active biomolecules with pronounced antioxidant activity. 27 Hence, we correlated the polyphenol contents and antioxidant activity by regression analysis. Antioxidant activity increased proportionally to the polyphenol content: a linear relationship between IC 50 values and contents of total polyphenols ( Fig. 1) and anthocyanins (Fig. 2) was established. At the same time, there was no correlation between DPPH values and flavonoid and tannin contents. Containing relatively high levels of all polyphenol classes investigated, seeds of black and brown color expressed the most significant antioxidant activities among the varieties tested.
All soybean varieties investigated contained phytochemicals of isoflavone structure (i.e., phytoestrogens). Isoflavones are considered as simple and metabolically inexpensive defense chemicals in plants. Soybean isoflavones have been also able to reduce the risk of various cancers.
Isoflavones exhibit a multitude of medicinal effects that influence cell growth and regulation, which may have a potential value in treatment of cancer. Isoflavone content of colored soybean varieties in our study was determined by HPLC analysis, and the results are presented in Table 2 .
The total isoflavone content in the eight soybean samples analyzed ranged from 2.44 mg/g (in the brown variety) to 3.62 mg/g (in the yellow cultivar) of soybean seed (Table 2) . Average isoflavone content among all analyzed cultivars was 2.97 mg/g, which corresponds to previous results obtained from 20 cultivars of yellow seed for which average total isoflavone content was 3.25 mg/g. 31 The average value of isoflavones obtained is considerably higher than those reported in a study performed in the United States (1.86 mg/g) 32 or in India (1.05 mg/g). 6 Black and green seed varieties showed higher content of total isoflavones (3.16-3.58 mg/g) compared with other colored seeds, although the yellow variety had the highest total isoflavone content. No significant differences were observed for individual forms of isoflavones and total isoflavone contents across the seed coat color ( Table 2) . These results are consistent with values obtained in recent studies in Minnesota (United States) 32 and the Madhya Pradesh (India) region, 6 which showed that black soybeans did not have higher isoflavone content compared with different varieties of yellow seed and that values of total isoflavones in black and yellow seeds were in the same range.
Daidzein with glycosides and total genistein were the dominant forms of isoflavones in all samples analyzed. The concentration of glycitein with corresponding glycosides was the lowest in all samples compared with the other isoflavone forms. This agrees with previous observations that soybeans and soy foods usually contain similar amounts of genistein and daidzein and a much lower amount of glycitein. 33, 34 The percentage of total daidzein in all specimens varied from 44% to 71% of total isoflavone content. The highest content of total daidzein was found in the two varieties of black seeds (2.55 and 2.06 mg/g), and also in these varieties the percentage of total daidzein compared with total isoflavone content was the highest (65.2% and 71.2%). The highest total glycitein and genistein content was determined in the yellow cultivar (0.53 mg/g and 1.49 mg/g, respectively) and in green seed (0.44 mg/g and 1.03 mg/g, respectively) ( Table 2) .
Regression analysis for the isoflavone content and IC 50 values showed low correlation, which is in agreement with previous findings. 31, 35 This points out the primary role of isoflavones in plants, being predominantly hormonal substances and exhibiting less potent antioxidant activity compared with some other components.
CONCLUSIONS
The results presented here showed that all soybean varieties accumulate polyphenols and isoflavones independently of the color of their seeds. Yellow seed soybean accumulates flavonoids but does not accumulate anthocyanins. Black, brown, and ocher seeds contain anthocyanins, whereas the reddish variety does not. The highest antioxidant activity was observed in the extracts of black and brown varieties, which also showed high levels of all polyphenol classes examined. Black soybean seeds showed a high level of daidzein and antioxidant activity, but the variety with yellow seed coat showed the highest amount of total isoflavones, especially genistein.
Black and brown varieties showed combined characteristics of favorable features, having both strong antioxidant capacities and higher contents of anthocyanins and isoflavones. In addition, we correlated the polyphenol contents and antioxidant activities by regression analysis. Antioxidant activity increased proportionally to levels of most of the polyphenol classes: a linear relationship between IC 50 values and contents of total polyphenols and anthocyanins was established. In parallel, there was no positive correlation between IC 50 values and tannin content. Regression analysis for the isoflavone content and DPPH scavenging activity showed low correlation, which is in agreement with previous findings. This points out the primary role of isoflavones in plants, being predominantly hormonal substances and exhibiting low antioxidant activity.
It might be concluded that varieties with black and brown seeds may act as a better source of natural antioxidants compared with the common soybean grown in Europe (i.e., the yellow seed coat soybean). Data on all the polyphenol classes investigated as well as the antioxidant activity of extracts of soybean varieties of different seed color could   FIG. 2 . Correlation of 2,2-diphenyl-1-picrylhydrazyl free radical scavenging activity expressed as IC 50 (mg/g) and anthocyanin content (mg of cyanidin-3-glucoside/g of dry plant material) in extracts of soybean seeds of different color. be valuable to the pharmaceutical and food industries for selection of cultivars suitable for production of dietary supplements rich in polyphenols and isoflavones and could also be valuable to soybean breeding programs in order to increase the biological value of the commercial products.
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